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The formation of stable 18S U11/U12 di-snRNPs
before their association with the pre-mRNA is a char-
acteristic feature of the minor spliceosome. During
the spliceosomal assembly, the 18S snRNP binds
cooperatively to the introns’ 50 splice and branch
point site. The molecular basis for this recognition
is still unknown. Here, we report the solution struc-
ture of the U11-48K CHHC Zn finger, a domain unique
to the minor spliceosome. The CHHC Zn-finger struc-
ture revealed an unexpected similarity to the TFIIIA
domains, with distinct features originating from the
type and separation of the zinc-coordinating resi-
dues. We show that this domain specifically binds
the 50 splice site sequence of U12-type introns
when base paired to U11 snRNA in vitro and hence
may contribute to the U12 intron recognition. We
propose a model in which the U11-48K Zn finger
stabilizes U11-50 splice site base pairing and thus
plays an important role during the minor spliceosome
assembly.
INTRODUCTION
pre-mRNA splicing is an essential step in eukaryotic gene
expression, in which noncoding sequences (introns) are removed
from the pre-mRNA and coding sequences (exons) are ligated
together to form mRNA. In higher eukaryotes, this reaction is
catalyzed by two distinct spliceosomes—large, dynamic ribonu-
cleoprotein (RNP) complexes. The majority of introns are excised
by the major, U2-dependent spliceosome (Staley and Guthrie,
1998; Burge et al., 1999), whereas the less abundant U12-depen-
dent minor spliceosome excises the rare U12-type class of pre-
mRNA introns (Tarn and Steitz, 1997; Wu and Krainer, 1999; Patel
and Steitz, 2003; Will and Luhrmann, 2005). Many genes contain
both U2- and U12-type introns, and U12-type introns have been
identified in genes involved in a variety of biologically important
processes such as cell-cycle control, DNA replication and repair,
transcription, translation, and signal transduction (Burge et al.,
1998; Levine and Durbin, 2001).
The minor class of U12 introns was originally identified
because of the unusual but highly conserved 50 splice site
(50ss) and branch point site (BPS) and the atypical terminal dinu-294 Structure 17, 294–302, February 13, 2009 ª2009 Elsevier Ltd Alcleotides. One major difference between U2- and U12-type
introns resides in their 50ss and BPS sequences. The U12-type
50ss and BPS consensus sequences are nearly invariant and
distinct from the major-class introns. Another apparent differ-
ence is the lack of polypyrimidine tract in U12 introns, located
between the BPS and the 30ss. These differences determine
the type of spliceosome that will assemble on a particular intron.
The spliceosomal assembly and splicing catalysis require
the activity of a large set of proteins and formation of a network
of protein-protein, protein-RNA, and RNA-RNA interactions.
Whereas the U2-dependent spliceosome consists of the U1,
U2, U5, and U4/U6 small nuclear ribonucleoproteins (snRNPs)
and numerous non-snRNP proteins, the U12-dependent spli-
ceosome contains the U11, U12, U5, and U4atac/U6atac
snRNPs and an unknown number of non-snRNP proteins (Will
and Luhrmann, 2005; Hall and Padgett, 1996; Tarn and Steitz,
1996a). The U11, U12, and U4atac/U6atac snRNPs are func-
tional analogs of the U1, U2, and U4/U6 snRNPs (Hall and Padg-
ett, 1996; Tarn and Steitz, 1996b; Kolossova and Padgett, 1997;
Yu and Steitz, 1997; Incorvaia and Padgett, 1998).
U2 and U12 introns are removed by a similar two-step mecha-
nism that involves two consecutive trans-esterification reactions.
However, a distinct feature of the minor spliceosome is the forma-
tion of a stabledi-snRNP consistingof U11 and U12 snRNP prior to
their association with the pre-mRNA(Wassarman and Steitz, 1992;
Frilander and Steitz, 1999). Thus, U11 and U12 snRNPs simulta-
neously interact with the 50ss and BPS during the first step of
spliceosomal assembly. The initiation complex formation of the
U12-dependent spliceosome depends on the highly conserved
base pairing between the 50ss and the 50 end of U11 snRNA.
The U11/U12 snRNPs contain seven proteins with apparent
molecular masses of 20, 25, 31, 35, 48, 59, and 65 kDa, which
are unique to the minor spliceosome (Will et al., 2004). Four of
these U11/U12-specific proteins (25K, 35K, 48K, and 59K) are
likely involved in U12-type 50ss recognition, as they are also
associated with 12S U11 snRNP. Little is known about the
molecular function and structural organization of these proteins.
U11/U12 65K shares a similar domain organization with U1A and
U2B00, containing two RNA recognition motifs (RRM/RBD)
separated by an unstructured linker. It has been shown that
this protein interacts with U12 snRNA and U11-59K and thus
contributes to 18S U11/U12 di-snRNP formation (Benecke
et al., 2005). Recent analysis demonstrates that U11-59K inter-
acts with the U11-48K protein. The latter makes direct contact
with the U12-type 50ss during early spliceosomal assembly
(Turunen et al., 2008). In addition, mutation of the first threel rights reserved
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Solution Structure of U11-48K CHHC Zn-Finger Domainhighly conserved nucleotides of the U12 introns’ 50ss abolishes
both the stable interaction with U11 snRNP and crosslink with
U11-48K. Therefore, it has been postulated that U11-48K recog-
nizes the 50ss in a sequence-specific manner (Turunen et al.,
2008). Due to the inability to overexpress the entire U11-48K
protein, however, it was not established whether U11-48K can
bind the U12-type 50ss on its own and which part of U11-48K
is responsible for the interaction (Turunen et al., 2008).
Large portions of U11-48K might be unstructured, as sug-
gested by bioinformatics analysis (Andreeva and Tidow, 2008).
The U11-48K proteins contain a highly conserved domain that
belongs to a recently discovered family of CHHC Zn fingers,
with a consensus sequence of C-X(5-7)-H-X(7-9)-H-X(3-4)-C.
Besides U11-48K, this family includes the TRM13 methyltrans-
ferases and gametocyte-specific factors (Andreeva and Tidow,
2008). No homologs of this domain were found in the major
spliceosomal proteins. The observed homology between the
U11-48K and TRM13 CHHC domains suggested a potential
RNA-binding function and a possible role of the U11-48K
Zn finger in the 50ss recognition (Andreeva and Tidow, 2008). To
shed light on the role of U11-48K in spliceosomal complex forma-
tion, we have determined the solution structure of the U11-48K
CHHC Zn-finger domain. In addition, we provide evidence that
this domain is capable of binding single- and double-stranded
RNA constructs resembling the 50ss sequence of U12-type
introns. On the basis of our analyses, we propose a model for
the U11-48K-50ss interaction and its role in intron recognition.
RESULTS
Characterization and Structure Determination
of the U11-48K CHHC Zn-Finger Domain
The human U11-48K CHHC Zn-finger domain (residues 53–87)
was expressed in soluble form in Escherichia coli and was found
to bind zinc stoichiometrically in a one-to-one ratio as previously
described (Andreeva and Tidow, 2008). T2 relaxation time
constant estimates for backbone amide protons (from one-
dimensional spin-echo NMR experiments [Anglister et al.,
1993]) are consistent with both a rotational correlation time of
3 ns and monomeric behavior in solution. The NMR spectral
dispersion and the far-UV CD spectrum indicate the presence
of a folded domain (Andreeva and Tidow, 2008).
Backbone and side chain resonance assignments were
obtained by using standard triple-resonance experiments with
15N and 13C isotopically labeled samples. A set of 486 restraints
derived from distance and dihedral angle information was used
to calculate an ensemble of representative structures by using
simulated annealing. Structural statistics and analysis are given
in Table 1. PROCHECK analysis shows a favorable backbone
conformation for almost all residues, with 73.4% of the nongly-
cine and nonproline residues in the most-favored regions and
23.1% in additional allowed regions of the Ramachandran plot.
The quality of the structure was assessed by using measured
and back-calculated 1DNH RDC data. A Pearson correlation
coefficient of 0.99 and a Cornilescu Q factor of 0.125 indicated
an excellent agreement between structure and RDC data.
The best-fit superposition of the structures demonstrates
a well-defined tertiary structure of the U11-48K CHHC Zn finger
with an rms deviation (rmsd) of 0.57 A˚ for the entire structuredStructure 17, 29domain (residues 54–82) and 0.29 A˚ for all secondary structure
elements (Figure 1A). The five C-terminal residues (Met83-
Lys87) are highly flexible and unfolded. This flexibility is verified
by low (1H)15N heteronuclear NOE values (data not shown) and
by the absence of any structural NOEs.
Structural Features of the CHHC Zn-Finger Domain
The structure of the U11-48K CHHC Zn-finger domain consists
of a b hairpin (residues Val56–Met66) followed by a helix (resi-
dues Ser70–Met83). The zinc ion is coordinated by Cys58 and
His64 from the b hairpin and by His74 and Cys78 from the helix,
respectively. The helical region has an a-helical conformation
that is interrupted in the middle by a single p-helical turn. This
distortion of the a helix is analogous to the localized deviation
of the canonical a-helical conformation observed in other struc-
tures known as a-aneurism (Keefe et al., 1993). Thep-helical turn
is probably required for maintaining the tetrahedral coordination
of zinc, as it accommodates the fourth zinc ligand (Cys78).
Table 1. Structure Calculation Statistics for the NMR Structure
of the U11-48K CHHC Zn-Finger Domain
Structural Constraints
Intraresidue 151
Sequential 100
Medium range (2% ji  jj% 4) 67
Long range (ji  jj > 4) 104
Dihedral TALOS constraints 34
Hydrogen bond constraints
(each contributes two constraints)
10
Zinc coordination constraints 10
Total 486
Statistics for Accepted Structures
Statistics parameter (±SD)
Rms deviation for distance
constraints (A˚)
0.01 ± 0.001
Rms deviation for dihedral
constraints ()
0.15 ± 0.06
Mean CNS energy term (kcal mol1 ± SD)
E (overall) 41 ± 6
E (van der Waals) 19 ± 3
Rms deviations from the ideal geometry (±SD)
Bond lengths (A˚) 0.0015 ± 0.0002
Bond angles () 0.31 ± 0.02
Improper angles () 0.21 ± 0.03
Coordinate precision
Pairwise rmsd for backbone
atoms (residues 54–82) (A˚)
0.57 ± 0.26
Pairwise rmsd for heavy atoms
(residues 54–82) (A˚)
1.43 ± 0.30
Rmsd from the mean for regular
secondary structurea (A˚)
0.29/1.14b
Twenty structures out off 25, in which no distance violations were > 0.5 A˚
and no angle violations were > 5 were accepted.
a Backbone atoms/heavy atoms.
b Residues 56–58, 63–66, 70–83.4–302, February 13, 2009 ª2009 Elsevier Ltd All rights reserved 295
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Solution Structure of U11-48K CHHC Zn-Finger DomainA B C Figure 1. Solution Structure of the U11-48K
CHHC Zn-Finger Domain
(A) Superposition of the 20 lowest-energy
conformers representing the NMR structure. The
structures are rainbow-colored from theN terminus
(blue) to the C terminus (red). Every tenth amino
acid is numbered and indicated with a black circle.
(B) Projection of the sequence conservation on the
structure. Sequence variation is shown from cyan
(variable) to burgundy (conserved). Conservation
scores were calculated with Consurf (Glaser
et al., 2003).
(C) Intensity of chemical shift changes induced by
RNA binding mapped on the structure. Dark
purple indicates a large change (>0.2 ppm); light
purple shows changes between 0.15 and 0.2 ppm.The zinc-binding residues in the U11-48K CHHC Zn-finger
domain were identified unambiguously as Cys58, His64, His74,
and Cys78, in agreement with the observed strict conservation
of these residues within the family of CHHC Zn-finger domains
(Andreeva and Tidow, 2008). Initial structure calculations were
carried out without zinc restraints, which were only added during
the final calculations. The structure based only on NOEs without
zinc restraints is virtually identical to the one including zinc
restraints. These calculations, in which the zinc ion was omitted,
were used to measure interligand distances, and it was estab-
lished that Cys58-Sg, His64-Nd1, His74-Nd1, and Cys78-Sg coor-
dinate the zinc ion.
A large number of long-range NOEs were observed between
the b hairpin and the a helix as well as between both strands of
the b hairpin. Packing of the b hairpin and the a helix against
each other forms a hydrophobic core that places the conserved
Cys and His residues in the interior of the domain in a position
suitable for Zn coordination. The hydrophobic core is built by resi-
dues Val56, Tyr60, Met66, Leu71, and Met75, as well as by the
b andgCH2 groups of Arg79, which display extensive long-range
NOE connectivities among each other. The side chains of Met66,
Leu71, and Val56 make hydrophobic contacts with each other.
The methylene group of Met66 packs against the imidazole ring
of His74. In addition, the aliphatic side chains of Arg79 and
Met75 are within van der Waals distance from the phenyl ring of
Tyr60. These hydrophobic interactions further stabilize the
protein domain. Thus, despite its small size, the CHHC Zn-finger
domain shows a well-packed hydrophobic core.
Residues Pro59-Tyr60-Asp61-Ser62-Asn63 form a turn that
connects the two b strands harboring the first and second zinc
ligands (Cys58 and His64). Compared to the remaining part of
the folded domain, residues 61–63 in the turn show increased
flexibility, as revealed by lower (1H)15N-heteronuclear NOE
values (data not shown).
Comparison to Other Zinc Fingers
The structure of the U11-48K Zn finger shows a global structural
similarity to the classical C2H2 Zn-finger fold (Andreeva et al.,
2008). Particularly, it is most similar to domain 5 and domain 6 of
Transcription Factor IIIA (TFIIIA) (Lu and Klug, 2007) (Figure 2A).296 Structure 17, 294–302, February 13, 2009 ª2009 Elsevier Ltd AlTFIIIA binds to the 5S RNA and its gene, and the central C2H2
domains 4–6 have been shown to contribute to the TFIIIA-5S
RNA interaction (Lu et al., 2003). Interestingly, the U1C Zn-finger
domain, which is involved in U2-type 50ss recognition, is another
Figure 2. Structural Comparison of U11-48K to Other Zinc Fingers
(A) Backbone superposition of the U11-48K CHHC Zn-finger domain (blue)
with TFIIIA domain 5 (cyan, PDB code: 2j7j), TFIIIA domain 6 (magenta, PDB
code: 2j7j) and U1C (green, PDB code: 2vrd) by using TopMatch (Sippl and
Wiederstein, 2008). The pairwise rmsds are U11-48K CHHC domain versus
TFIIIA domain 5, 1.6 A˚ (22 pairs); U11-48K CHHC domain versus TFIIIA domain
6, 1.7 A˚ (24 pairs); U11-48K CHHC domain versus U1C C2H2 domain, 2.9 A˚
(27 pairs). U11-48K zinc ligands are shown in sticks.
(B) Structure-based sequence alignment. Zinc-binding residues are shown in
red. Residues that contribute to hydrophobic interactions and occupy similar
spatial positions are marked with gray boxes. Secondary structural elements
are shown as follows: arrow (strand); filled cylinder (a helix); dotted cylinder
(p helix); striped cylinder (310 helix).l rights reserved
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Solution Structure of U11-48K CHHC Zn-Finger Domainvariant of the C2H2 fold (Muto et al., 2004) (Figure 2A). In addition
to the backbone similarity, residues comprising the CHHC
hydrophobic core occupy similar spatial positions to the residues
contributing to the hydrophobic interactions in the classical
Zn fingers (Figure 2B).
Despite these similarities, several differences between C2H2
and CHHC Zn fingers are apparent. One significant distinction
is the location of the zinc ligands. In the structural alignment,
only two of them (Cys58 and His74) occupy the same positions
as those in C2H2 Zn fingers (Figure 2B). His64 is shifted two resi-
dues along the second b strand, whereas Cys78 occupies
a structurally distinct position that is often variable in C2H2
domains (see below).
Another distinctive feature of the CHHC domain resides in the
region neighboring Cys78. This part of the U11-48K Zn finger
adopts an unusual backbone conformation not seen in other
C2H2 Zn-finger domains. Variations in the sequence separation
between the third and the fourth zinc ligands are observed in all
structurally characterized variants of C2H2 zinc fingers. Depend-
ing on the number and type of intervening residues, the main
chain backbone conformation varies. A general feature of zinc
fingers with separation His-X3-His is a 310-helical turn near the
C-terminal end of the a helix. This distortion is seen in TFIIIA
domain 5 (Figure 2). A separation of five residues (His-X5-His)
is incompatible with maintenance of helical conformation and
causes a kink in the backbone, as observed in the structure of
U1C. In the structure of U11-48K (His-X3-Cys), a p-helical turn
interrupts the a helix. In all cases, the deviation of the canonical
a-helical conformation is due to adjustment of the structures in
order to coordinate zinc.
Apart from the distinct zinc-binding site, the region connecting
the second strand and the helix is significantly different
(Figure 2A). The CHHC Zn finger has a one-residue deletion
following the second strand, which causes the polypeptide chain
to form a turn instead of initiating a helix. This turn can be classi-
fied as b-turn type I based on the dihedral angle values observed
for the average structure (K68(i+1) phi = 51.8, psi = 23.5;
S69(i+2) phi = 99.4, psi = 29.9). In all 20 low-energy structures,
the Pro67(i)(CO) and Ser70(i+3)(NH) main chain atoms form
a hydrogen bond.
The U11-48K CHHC Zn-Finger Domain Interacts
with the 50 Splice Site of the U12-Type Intron
We have recently demonstrated that the U11-48K CHHC
Zn-finger domain is closely related to the Zn-finger domains of
TRM13 tRNA-methyltransferases and gametocyte-specific
factors (Andreeva and Tidow, 2008). Although an N-terminal frag-
ment of U11-48K (residues 1–92) containing the Zn-finger domain
(residues 53–87) was shown to interact with the U11-59K protein
(Turunen et al., 2008), the striking sequence and structural
relationships of the U11-48K Zn finger suggested a potential
RNA-binding function and possible role of this domain in the
50ss recognition. To test our hypothesis and determine whether
the U11-48K Zn-finger domain is capable of binding RNA,
we used fluorescence anisotropy to measure binding of the
U11-48K CHHC Zn-finger domain to RNA constructs. Two
RNA constructs were designed to determine the binding to the
U12-type 50ss—an 18 nt single-stranded RNA containing the
50ss of human PLC-beta-3 and a duplex RNA of this 50ssStructure 17, 294sequence base paired to a sequence derived from the 50 end of
human U11 snRNA.
The fluorescence anisotropy analysis revealed that the
U11-48K CHHC Zn-finger domain binds to the dsRNA contruct
resembling base-paired U11-50ss with a KD of 4.9 mM (Figure 3A).
The binding to this duplex RNA shows no salt dependence, sug-
gesting that this interaction is not favored by electrostatic attrac-
tion. Binding of the U11-48K Zn finger to the ssRNA construct
containing the 50ss was observed only in the absence of salt
(Figure 3B). It is noteworthy that this binding to ssRNA was abol-
ished by an addition of as low as 30 mM NaCl.
To test for binding specificity, we measured binding of the
U11-48K CHHC Zn-finger domain to single-stranded and
double-stranded ‘‘random RNA’’. Binding was not observed
A
B
Figure 3. Binding of the U11-48K CHHC Zn-Finger Domain to
Various RNA, and DNA, Sequences Examined by Fluorescence
Anisotropy
(A and B) Binding to (A) double-stranded and (B) single-stranded constructs
resembling either U12-type 50ss or random RNA was measured at 20C in
25 mM sodium phosphate buffer (pH 7.2), 150 mM NaCl (high salt) or 0 mM
NaCl (low salt), and 5 mM DTT. The continuous line corresponds to a single-
site-binding model fit.–302, February 13, 2009 ª2009 Elsevier Ltd All rights reserved 297
Structure
Solution Structure of U11-48K CHHC Zn-Finger Domaineither under low-salt or high-salt conditions (Figures 3A and 3B),
indicating that the U11-48K CHHC Zn-finger domain indeed
specifically recognizes the U12-type 50ss. In addition, the DNA
binding assay showed that the U11-48K CHHC domain does
not bind dsDNA, unlike other C2H2 Zn fingers known to recog-
nize both DNA and RNA targets (Figure 3A).
We used NMR titration experiments to further characterize the
RNA binding of the CHHC domain and identify the regions and
particular residues involved in protein-RNA interaction. Upon
addition of increasing amounts of duplex RNA resembling
base-paired U11-50ss, most resonances of the U11-48K CHHC
Zn-finger domain underwent chemical shift changes (Figures
4A and 4B). These changes were considered significant when
the variation between free and bound protein was larger than
0.15 ppm. Significant chemical shift perturbations upon RNA
A
B
Figure 4. Binding of the U11-48K CHHC Zn-Finger Domain
to the U12-Type 50ss Analyzed by NMR Spectroscopy
(A) Selected resonances illustrating the principle of titration. 15N,1H-HSQC
spectra of the U11-48K CHHC Zn-finger domain alone superimposed with
complexes containing increasing ratios of dsRNA. Protein only (red); protein:
RNA = 5:1 (magenta); protein:RNA = 2:1 (cyan); protein:RNA = 1:2 (green).
(B) Normalized chemical shift changes in the U11-48K CHHC Zn-finger domain
upon addition of two-fold excess RNA. Secondary structural elements are
shown on the top. Zinc-binding residues are indicated in bold.298 Structure 17, 294–302, February 13, 2009 ª2009 Elsevier Ltd Allbinding were observed for residues that cluster around the
N-terminal part of the helix. Although binding of a relatively large
RNA fragment to a smaller protein domain causes a small pertur-
bation of most resonances, significant changes were not
observed for the strands and the connecting loop. These results
suggest that the N-terminal part of the helix and the preceding
b turn serve as the main interaction site with the RNA (Figure 1C).
This mode of interaction is consistent with the specific RNA-
binding mode observed in TFIIIA domains 4 and 6 (Lu et al., 2003).
DISCUSSION
In this study, we present the first, to our knowledge, structural
and functional analysis of the U11-48K Zn finger, representative
of a recently discovered family of CHHC Zn fingers. The structure
of this domain revealed an unexpected similarity to the TFIIIA
C2H2 domains, with distinct features originating from the type
and separation of the zinc-coordinating residues. The sequence
separation between the zinc ligands is invariant in the U11-48K
family. Besides the invariant Cys and His, the residues that
constitute the hydrophobic core are highly conserved across
U11-48K proteins (Figure 1B; see Figure S1 available online).
Pro residues in positions 59 and 67, in the turns, and Gly84 at
the C-terminal cap of the helix are also conserved. Taken
together, the distinctive structural features of this domain are
probably highly conserved across the U11-48K family.
The U11-48K CHHC Zn finger showed specific binding to the
50ss of U12-type introns when base paired with the U11-snRNA.
The NMR titration experiment showed that, upon RNA binding,
the residues with the most pronounced chemical shift changes
are located around the helix N terminus. This mode of interaction
is reminiscent of that of TFIIIA domains 4 and 6. Whereas TFIIIA
Zn-finger domain 5 shows non-sequence-specific RNA recogni-
tion by forming multiple contacts with the RNA sugar-phosphate
backbone, TFIIIA Zn-finger domains 4 and 6 specifically recog-
nize RNA (Lu et al., 2003). This is achieved through side chain
contacts with specific bases and the sugar-phosphate backbone
and involves the N-terminal part of theahelix (at positions1, +1,
and +2). Interestingly, residues Ser69 and Lys73 in U11-48K (at
positions 1 and +4) were the most significantly perturbed
upon RNA binding. Ser69 is situated on the b turn preceding
the helix. This unusual structural feature is probably strictly
conserved among U11-48K Zn-finger domains, and, most likely,
it is an important determinant for RNA recognition.
Although the sequence-specific recognition of dsDNA by C2H2
Zn fingers has been extensively studied, information about dsRNA
recognition is limited to structural studies of the TFIIIA-5S RNA
complex. RNA recognition, as revealed by the crystal structure
of TFIIIA bound to RNA (Lu et al., 2003), differs substantially
from the common mode of interaction with dsDNA. The
sequence-specific recognition of dsDNA (B form) is achieved by
multiplecontactswith the nucleotidebases fromthe major groove.
In contrast to dsDNA, the major groove of duplex RNA (A form) is
narrow and deep, whereas the minor groove is wide and shallow.
As the major groove harbors the majority of sequence-specific
information in RNA, dsRNA is recalcitrant to sequence-specific
recognition (Saenger, 1984). Therefore, sequence-specific recog-
nition of RNA usually occurs at bulges, loops, or any other RNA
secondary structural deformations, or at the RNA helix terminirights reserved
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Solution Structure of U11-48K CHHC Zn-Finger Domain(Draper, 1999; Serganov and Patel, 2008; Stefl et al., 2005). The
bases at the helix termini are accessible (50 bases are more acces-
sible than 30) and may allow sequence-specific recognition
(Weeks and Crothers, 1993).
How does the U11-48K CHHC Zn finger specifically recognize
the U12-type 50ss? The U11-48K Zn finger could contact the
phosphate backbone of the base-paired U11snRNA-mRNA but
may also recognize either an unpaired base(s) of the mRNA or
accessible base pairs at the RNA duplex termini. Although our
data are insufficient to strongly support either of these modes
of interaction, we find the mechanism in which the CHHC
Zn finger recognizes the edge of the RNA duplex and interacts
specifically with distinct accessible bases to be more plausible.
Our hypothesis is based on the fact that the CHHC Zn finger
specifically recognizes not only dsRNA, but also ssRNA resem-
bling the 50ss. Since the observed binding to ssRNA occurs
only in the absence of salt, one possible explanation is the exclu-
sive accessibility of particular bases under these conditions. It is
known that RNA conformation is dependent on several factors,
including salt concentration. Under high-salt conditions, ssRNA
tends to form secondary structures, e.g., loops or hairpins. Under
low-salt conditions, the bases in ssRNA might be accessible for
binding, allowing the CHHC Zn finger to recognize and interact
with particular nucleotide bases. In the dsRNA, these bases
might be located near the duplex termini and might be either
unpaired or accessible for interaction with the Zn-finger domain.
This hypothesis is in agreement with mutational studies of Turu-
nen et al. (2008), showing that mutation of the RUA motif blocks
spliceosomal assembly at very early stages and abolishes both
the stable interaction with U11 snRNP and the crosslink with
U11-48K. The RUA motif comprises the first three nucleotides
((G/A)UA) of U12 introns, and mutations of these are deleterious
to splicing (Dietrich et al., 2005). These nucleotides are strictly
conserved, but they do not engage in base pairing with U11
snRNA and could probably serve as an interaction site.
The proposed interaction mechanism also shows a possible
analogy between the RNA-binding properties of U11-48K and
TRM13 CHHC Zn fingers. The TRM13 methyltransferase
modifies a base in position 4 of the acceptor stem (Wilkinson
et al., 2007), indicating that the TRM13 Zn finger should bind
the tRNA close to the stem termini.
The functional analog of the U11-48K Zn finger from the major
spliceosome is the U1C protein. The detailed functional role of
U1C is controversially debated. U1C protein from Saccharo-
myces cerevisiae was shown to bind to an isolated 50ss on its
own (Du and Rosbash, 2002), and U1 snRNP binds the 50ss
even when the 50 end of U1 snRNA is deleted (Rossi et al.,
1996). These studies, however, were questioned by the observa-
tion that human U1C does not bind the 50ss in isolation, but rather
requires 50ss-U1 snRNA base pairing for binding (Muto et al.,
2004). With respect to the minor spliceosome, our RNA-binding
data support a mechanism in which the U11-48K Zn finger
recognizes the U12-type 50ss sequence in the position of duplex
formation with U11 snRNA. We propose a model in which the
CHHC Zn finger stabilizes the intrinsically weak interaction
between the 50ss and U11 snRNA. Binding of the U11-48K
Zn finger to the 50ss-U11 snRNA complex shifts the equilibrium
toward the duplex RNA and stabilizes the complex during the
early spliceosomal assembly (Figure 5A). Thus, it plays an impor-Structure 17, 294tant role as a stabilizing factor and contributes to the assembly of
the minor spliceosome. The proposed model is in agreement
with recent studies showing that U11-48K knockdown has
a more pronounced effect on introns with deviations in their
50ss or BPS (Turunen et al., 2008), indicating a stabilizing role
of U11-48K in vivo.
Our combined structural and RNA-binding data provide
insight into U12-type intron recognition. The discovery that the
U11-48K protein contains a Zn-finger domain that specifically
recognizes the 50ss of U12 introns uncovers not only the nature
and molecular basis of the intron recognition, but also provides
an important mechanistic insight into the minor spliceosomal
assembly. During A complex formation, the 18S U11/U12
di-snRNP interacts cooperatively with the 50ss and BPS, and
several proteins of this snRNP appear to be involved in the
U12 intron bridging. These include U11-65K, U11-59K, and
U11-48K proteins, and their role has been previously established
(Benecke et al., 2005; Frilander and Steitz, 1999; Turunen et al.,
2008). Our finding that the U11-48K Zn finger specifically
Figure 5. Role of the U11-48K CHHC Zn-Finger Domain in the
Spliceosomal Assembly
(A) Model of the Zn-finger interaction with 50ss-U11 snRNA and its role as
a stabilizing factor.
(B) Schematic presentation of the interactions in the A complex of the minor
spliceosome. Known protein-protein and protein-RNA interactions are indi-
cated with a yellow star. The U12-65K protein interacts with the U12 snRNA
via its C-terminal RNA recognition motif (RRM/RBD) (Benecke et al., 2005),
whereas the U12 snRNA is base paired to the BPS (Frilander and Steitz,
1999). The N-terminal half of U12-65K binds to the U11-59K C-terminal domain
(Benecke et al., 2005). U11-59K protein interacts with the U11-48K N terminus
via its central Arg-rich domain (Turunen et al., 2008). The U11-48K Zn-finger
facilitates the 50ss-U11snRNA interaction.–302, February 13, 2009 ª2009 Elsevier Ltd All rights reserved 299
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Solution Structure of U11-48K CHHC Zn-Finger Domaininteracts with the 50ss-U11 snRNA expands and completes the
network of protein-protein, protein-RNA, and RNA-RNA interac-
tions that bridge the U12-type introns during the earliest step of
minor spliceosomal assembly (Figure 5B).
EXPERIMENTAL PROCEDURES
Cloning, Protein Expression, and Purification
The DNA encoding the second exon of the human U11-48K corresponding to
residues 53–87 (the CHHC zinc-finger domain) was cloned into a pRSET-
derived vector containing an N-terminal fusion of His6 tag, lipoyl domain,
and TEV protease cleavage site as previously described (Andreeva and
Tidow, 2008). The protein was expressed in E. coli C41 cells (Miroux and
Walker, 1996) for 12 hr at 22C and purified by using standard His tag puri-
fication protocols, followed by TEV protease digestion, a second Ni-affinity
chromatography step to separate the HisLipoTEV tag, and a final gel filtration
step. The protein was kept in storage buffer (25 mM sodium phosphate [pH
7.2], 150 mM NaCl, 5 mM DTT) and flash frozen in liquid nitrogen. Isotopically
labeled (15N, 13C) samples were expressed in E. coli C41 cells by using M9
minimal media supplemented with vitamin mix and the appropriate nitrogen
(1 g/L of 15NH4Cl) and carbon (4 g/L of
13C-Glucose) sources. Protein
homogeneity and purity was assessed by using mass spectrometry and
SDS-PAGE.
Fluorescence Anisotropy
Measurements were performed on a Perkin Elmer LS55 luminescence spectro-
fluorimeter equipped with a Hamilton Microlab titrator controlled by laboratory
software. Fluorescence anisotropy was measured with excitation at 480 nm
and emission at 530 nm and a slit width of 14 nm and 14 nm, respectively. Reac-
tions were carried out at 20C in 25 mM sodium phosphate buffer (pH 7.2),
150 mM NaCl, 5 mM DTT. Titrations were performed as previously described
(Tidow et al., 2006). For the RNA-binding experiments, 50–400 mM U11-48K
CHHC Zn-finger domain was titrated into 20 nM fluorescein-labeled RNA
constructs (single- or double-stranded). Dissociation constants were obtained
by fitting fluorescence or anisotropy data to equations corresponding to
a one-site binding model. RNA-oligonucleotides used for fluorescence anisot-
ropy were obtained from Dharmacon (Lafayette, USA) and were labeled only
on the 50 end of the forward strand with fluorescein (represented by Fl in the
sequences) to avoid energy transfer between fluorophores. The sequences
were designed in order to represent the 50ss of the U12-type intron of human
phospholipase C-beta-3 (intron 16–17). The following RNA sequences were
used: 50-Fl-UGUGGAGUAUCCUUUGAA-30 (containing the PLC-beta-3 50ss);
50-UUCAAAGGAUAC-30 (derived from the 50 end of human U11 snRNA); 50-
Fl-UAGUCAACUGAG-30 (‘‘Random’’-RNA); 50-CUCAGUUGACUA-30 (‘‘Random’’-
RNA). Details of dsPIG3-DNA were previously described (Tidow et al., 2006).
The oligonucleotides were annealed by heating to 95C for 10 min, followed
by gradually cooling to 4C over the course of 4 hr.
NMR Spectroscopy
All NMR experiments were performed at 298 K in a 25 mM sodium phosphate
buffer (pH 7.2), 150 mM NaCl, 5 mM DTT on Bruker DRX500, DRX600, and
Avance800 spectrometers equipped with an inverse cryogenic probe and
single-axis gradients. Protein concentrations were 1.2 mM for triple-reso-
nance and nuclear Overhauser effect spectroscopy (NOESY) experiments
and 400 mM for RDC measurements. Backbone resonance assignments
were obtained by using HNCACB and CBCA(CO)NH triple-resonance experi-
ments (Sattler et al., 1999; Wuthrich, 1986). Two-dimensional homonuclear
spectra, DQF-COSY, and TOCSY (55 ms MLEV-17 spin-lock, in 8.3 kHz B1
field) obtained from unlabelled U11-48K enabled almost complete side chain
assignment. Structural NOEs were obtained from an 800 MHz two-dimen-
sional [1H, 1H]-NOESY spectrum with 200 ms NOE mixing time. One-bond
1H-15N RDCs were measured by using 8% (w/v) aqueous C12E6 polyethylene-
glycol/hexanol bicelles as alignment medium (Ruckert and Otting, 2000) to
validate the structure of the backbone. 1DNH were obtained from peak split-
tings in (1H, 15N) IPAP-HSQC spectra, by subtracting 1JNH values measured
for a nonaligned sample. Backbone dynamics were examined by measuring
(1H)15N-heteronuclear NOEs, with 3 s 1H saturation following a 7 s recycle300 Structure 17, 294–302, February 13, 2009 ª2009 Elsevier Ltd Aldelay (Dayie and Wagner, 1994). All spectra were processed with TopSpin
2.0 (Bruker), and peak frequencies and intensities were analyzed with
SPARKY (Goddard and Kneller, 2008). Figures were generated with PyMOL
(DeLano, 2002).
Structure Calculation
Interproton distance restraints were obtained from two-dimensional [1H, 1H]-
NOESY and were classified into four categories corresponding to 1.8–2.8,
1.8–3.6, 1.8–4.7, and 1.8–6.0 A˚, respectively, based on their NOESY peak
volumes. Backbone f and c dihedral angle restraints were determined from
Ca, Cb, N, and Ha chemical shifts by using the program TALOS (Cornilescu
et al., 1999). The final ensemble of structures was calculated by using the
program CNS (Brunger et al., 1998). Twenty structures out of 25 were accepted
with no distance violation >0.5 A˚ and no angle violation >5. Structure calcula-
tion statistics are summarized in Table 1. The final structure was validated
against measured RDCs by using the program PALES (Zweckstetter and
Bax, 2000). The geometries of all structures, as well as elements of secondary
structure, were analyzed by using MOLMOL (Koradi et al., 1996) and
PROCHECK (Laskowski et al., 1996). The Ramachandran plot shows 73.4%
of the residues in the most-favored region, 20.6% in the additional allowed
region, 2.5% in the generously allowed region, and 3.5% in the disallowed
region. PyMOL (DeLano, 2002) was used for visualization of the structures.
NMR Titrations
Fast HSQC spectra (Mori et al., 1995) were acquired at 298 K on a Bruker
DRX600 spectrometer for the U11-48K CHHC Zn-finger domain alone and in
complex with dsRNA resembling the 50ss of the U12-type intron of phospho-
lipase C-beta-3 (intron 16–17) (sequence: see above). Protein concentration
was 200 mM, and dsRNA concentrations were 40, 100, and 400 mM. Buffer
conditions were 25 mM sodium phosphate buffer (pH 7.2), 150 mM NaCl,
5 mM DTT, 10% (v/v) D2O (high salt) and 25 mM sodium phosphate buffer
(pH 7.2), 20 mM NaCl, 5 mM DTT, 10% (v/v) D2O (low salt). Chemical shift
perturbations were quantified as described (Hajduk et al., 1997) and were
mapped onto the structure with PyMol (DeLano, 2002).
Bioinformatics
Multiple sequence alignment of all identified U11-48K homologs (Andreeva and
Tidow, 2008) was generated by using ClustalW (Thompson et al., 1994).
Sequence conservation projected on the structure was obtained by using Con-
Surf (Glaser et al., 2003) by manual submission of the multiple sequence align-
ment to Consurf server. Structure-based sequence alignment was produced as
described elsewhere (Andreeva et al., 2007). Pairwise structure superimposi-
tions were performed by using TopMatch (Sippl and Wiederstein, 2008).
ACCESSION NUMBERS
Coordinates have been deposited in the Protein Data Bank with accession
codes 2vy4 and 2vy5.
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